Hydrogen is an important trace gas in the atmosphere. Soil microorganisms are known to be an important part of the biogeochemical H 2 cycle, contributing 80 to 90% of the annual hydrogen uptake. Different aquatic ecosystems act as either sources or sinks of hydrogen, but the contribution of their microbial communities is unknown.
A tmospheric hydrogen concentrations result from a number of counteracting processes. H 2 is mainly produced due to photooxidation of methane and other hydrocarbons in the upper atmosphere and due to fossil fuel and biomass burning. By far the largest proportion of hydrogen (80 to 90%) is consumed by microorganisms in the soil, whereas the remaining part reacts with OH radicals (1, 2) . Since OH radicals are important for the degradation of methane, hydrogen levels indirectly control the amount of this trace gas. Currently, the atmospheric concentration of H 2 is about 0.5 ppm (2) .
The processes governing hydrogen concentrations and exchange in marine and freshwater environments are poorly described. In general, it seems that tropical surface waters act as hydrogen sources contributing about 6% to the global hydrogen production (2) . Possible causes of H 2 evolution are photochemical processes in the surface layers as well as nitrogen fixation (3) (4) (5) (6) . Thorough flux analysis is still lacking. On the other hand, investigations of temperate surface waters showed net hydrogen uptake that could be assigned to microorganisms (7) .
Three classes of hydrogenases, the enzymes involved in hydrogen turnover, are known. Their classification is based on their active site metal ions being either a single [Fe] center, a diatomic [Fe] center, or a [NiFe] center (8) . Since the [Fe]-hydrogenase is confined to methanogens and the [FeFe]-hydrogenases are irreversibly inhibited by oxygen, only the [NiFe]-hydrogenases could be active in well-aerated aquatic surface layers (9) .
Although they are phylogenetically related, it is not possible to derive degenerated primers for the amplification of [NiFe]-hydrogenase genes, because their signature motifs are too scattered and too short. However, all [NiFe]-hydrogenases ultimately depend on the presence of six maturation genes, hypABCDEF (10) . The most promising candidate of all maturation genes is the highly conserved hypD, encoding a protein with a ferredoxin:thioredoxin reductase-like [4Fe-4S] cluster and additional cysteine residues that probably work as a redox cascade. In concert with HypC, it works as a scaffold protein that allows the insertion of the Fe(CN) 2 (CO) in the correct oxidation state into the active site of the [NiFe]-hydrogenases (11) (12) (13) (14) (15) (16) (17) .
Since hydrogen leakage from anaerobic habitats is negligible and does not contribute to a significant extent to H 2 levels in the atmosphere (18) (19) (20) , microbial influence on its atmospheric concentration apart from nitrogen fixation mainly relies on [NiFe]-hydrogenases. A few studies already attempted to analyze the occurrence of these hydrogenases in the environment by using primers specific for one group of the nine different known groups and subgroups of [NiFe]-hydrogenases (9, 21, 22) or by using a microarray with a specific set of genes (23) , but there is no study that tried to unravel the whole set present.
In this study, we analyzed hypD as a proxy for the presence of all [NiFe]-hydrogenase groups in the environment. We found that hypD is very closely linked to the presence of [NiFe]-hydrogenase genes. An analysis of the frequency of its lateral gene transfer (LGT) showed that hypD sequences could be reliably assigned to a specific bacterial order. Primers that allowed the specific amplification of hypD were developed. Subsequently, it was possible to link the presence of hypD amplicons to the presence of specific groups of [NiFe]-hydrogenases on the basis of the completely sequenced prokaryotes.
MATERIALS AND METHODS
Analysis of the distribution of hypD and [NiFe]-hydrogenase genes. All available completely sequenced prokaryotic genomes were searched for hypD homologs by BLASTP (24) with an expect value below 10 Ϫ50 . The same genomes were searched for homologs of all different [NiFe]-hydrogenase groups and subgroups (8) . In this case, a lower threshold of 10
Ϫ10
was used for the expect value. If the assignment of a homolog was unclear, its sequence was checked for the presence of the signature motifs of [NiFe]-hydrogenases (8) . In this analysis, all genomes of strains of the same species have been treated as one.
Frequency of LGT. All the available HypD and HypF sequences derived from the completely sequenced prokaryotic genomes (as of February 2013) were downloaded and aligned using MUSCLE v3.8.31 (25) . The guide trees derived by the program were used for a first screen for possible events of lateral gene transfer (LGT) using Dendroscope 3 (26) . In the case that one or a group of species occurred in a cluster of a different order or family, the respective sequence was submitted to a BLAST search. If the search confirmed the respective relationship by finding the best BLAST hits in the same order or family, it was considered a result of lateral gene transfer (LGT).
Construction of primers and amplification of hypD-specific sequences. Alignments of protein sequences as well as DNA sequences (included in the supplemental material) led to the discovery of conserved stretches in hypD that were chosen for the construction of degenerated primers. For the construction of the degenerated primers, mismatches in the five nucleotides at the 3= end were avoided. For the 5= end in some cases, a thymine nucleotide was used instead of a mixture of all four nucleotides to reduce degeneracy and increase the efficiency of further amplification of the respective products. The thymine nucleotides appear as mismatches in Table 1 but should not hamper binding of the primer to its target sequence.
The primers were tested on genomic DNA samples isolated from known bacterial as well as archaeal strains (Table 1) . DNA from these strains was isolated according to the method of Hoffmann et al. (47) . To analyze environmental samples, 40 liters of surface water was collected from two lakes (Westensee and Selenter See) in September 2008 in northern Germany. The water was filtered, and the DNA was isolated from the filters as described previously (9) .
Fifty microliters of the PCR mix contained 1.5 mM MgCl 2 , 50 mM KCl, 10 ng DNA, 1.25 U of Taq polymerase (MBI Fermentas), 12.5 pmol of hypD-for1 (5=-GGTCCTGGTTGYCCTGTTTGY-3=) with a degeneracy of 4, 12.5 pmol of hypD-for2 (5=-GGNCCNGGCTGCCCGGTCTG-3=) with a degeneracy of 16, and 25 pmol of hypD-rev (5=-GGCGNNGT Amplification of 16S rRNA-specific sequences. To investigate the diversity of the samples, two 16S rRNA primers slightly modified from established protocols were used (27) (16SBF, 5=-AGAGTTTGATCCTGG CTCAG-3=, and 16SBR, 5=-GGTTACCTTGTTACGACTT-3=). Fifty microliters of the PCR mix contained 1.5 mM MgCl 2 , 50 mM KCl, and 1.25 U of Taq polymerase (MBI Fermentas). At the start of the temperature program, one period of 5 min at 95°C was applied followed by 30 cycles of 30 s at 95°C, 45 s at 50°C, and 90 s at 72°C. At the end of the program, a temperature step of 72°C for 10 min was added until the samples were cooled to 4°C.
All sequences were first checked for chimeras with DECIPHER (28). Sequences free of chimeras were subsequently submitted to a BLASTN search (29) against the 16S rRNA database at GenBank to find the closest homologs.
Cloning and sequencing. After the PCR products were purified from the gels, they were ligated into pCRII-TOPO vector (Invitrogen, Darmstadt, Germany) and transformed in TOP10 chemically competent Escherichia coli cells (Invitrogen, Darmstadt, Germany). The plasmids were purified from overnight cultures, subjected to cycle sequencing using the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, CA, USA), and analyzed on an ABI-3730xl DNA analyzer (Applied Biosystems, CA, USA).
Analysis of species richness. To get an idea about the number of species present in the different samples and the number of species harboring a [NiFe]-hydrogenase, a rarefaction analysis was carried out. The data set of the 16S and hypD sequences was entered into EstimateS (version 9; R. K. Colwell; http://purl.oclc.org/estimates) using 100 randomizations.
Nucleotide sequence accession numbers. The hypD sequences have been deposited in GenBank after removal of redundant and low-quality sequences (accession numbers JX220087 to JX220134). The 16S rRNA sequences also have been deposited in GenBank (JX219971 to JX220086).
RESULTS

Cooccurrence of hypD and [NiFe]-hydrogenase genes.
A total of 1,983 completely sequenced genomes were searched for the presence of hypD and [NiFe]-hydrogenase genes. Six hundred genomes (about 30% of all genomes) were found to contain [NiFe]-hydrogenase genes. Of these 600 genomes, one, Blastoccoccus saxobsidens DD2, was found without a hypD homolog. The Blastococcus genome contains homologs to hypA, hypB, and the protease but none to hypC, hypD, hypE, and hypF. All 599 other genomes did contain at least one hypD homolog. In all the 1,983 genomes, 4 genomes did contain a hypD homolog but either no [NiFe]-hydrogenase homolog or, as in Streptomyces fulvissimus DSM 40593, a [NiFe]-hydrogenase pseudogene. Only 0.2% of all genomes in the data set analyzed contain a hypD homolog but no functional [NiFe]-hydrogenase gene. Therefore, the occurrence of these two genes is tightly coupled.
Incidence of lateral gene transfer. To analyze the frequency of LGT, all the available HypD and HypF sequences were downloaded from GenBank. In each case, 760 sequences were used. In this analysis, all available genomes were searched, including all the substrains, for example, for Escherichia coli. HypF was chosen in addition to HypD since it is the largest protein of the maturation apparatus and should yield a higher evolutionary resolution. The described procedure yielded 15 events of LGT for hypD and 14 for hypF. This corresponds to 1.97% and 1.84% of all sequences, respectively, and is at the lower boundary of 2% of LGTs predicted by extrapolating the ancestral genome size (30) and well below the minimum of 15% LGTs found in prokaryotic networks (31) . In the data set, we could not detect an LGT event that led to an ambiguous assignment of the respective species to a different prokaryotic order. Therefore, all the environmental sequences were assigned to a prokaryotic order or class and not to a lower taxonomic level.
Quality of the hypD-specific primers. The primers derived from the alignments of representative hypD genes (see the supplemental material) were tested on archaeal and bacterial genomic DNAs covering all major prokaryotic classes (Table 1) . Due to the use of two different forward primers, we could limit the number of mismatches for these primers and for the reverse primer to four. Note that we inserted thymine nucleotides in some cases where all four nucleotides could have been used to avoid degeneracy. Inserting thymine causes mismatches but should not interfere with primer annealing. However, the different PCRs yielded the expected products. Either no PCR product (genomes without [NiFe]-hydrogenases) or only one band with a size of 255 bp to 279 bp was visible on the gel, indicating a specific amplification. Subsequent cloning and sequencing of the PCR products confirmed the amplification of the hypD-specific sequence. Using the DNA isolated from the two freshwater lakes as a template yielded one band with a size of about 260 bp (see Fig. S1 in the supplemental material). Of the 190 sequences obtained from these PCRs, 114 (60%) were similar to hypD sequences in the database. A cutoff of the expect value of 10 Ϫ10 was used for the BLASTN searches. Actually, 85% of the hypD sequences had an expect value of 10 Ϫ20 or lower.
These results show that, using this method, it is possible to amplify PCR products specific for hypD from a wide range of prokaryotic orders and that it could be used to test for the presence of [NiFe]-hydrogenase genes in newly isolated prokaryotic strains as well as environmental samples.
Occurrence of bacterial strains and hypD in environmental samples. The diversity of the samples taken from the two freshwater lakes (Westensee and Selenter See) in northern Germany was analyzed by amplifying 16S rRNA-specific sequences. In both lakes, alphaproteobacteria (Rickettsiales, Rhizobiales, and Rhodobacterales), cyanobacteria, actinobacteria, and betaproteobacteria (Burkholderiales) make up the majority of clone sequences (Fig.  1) . Their proportions are very similar to those reported in the 16S database of freshwater lakes (32) .
Amplification of hypD sequences from the two lakes yielded a different picture. All the known Rickettsiales do not harbor hydrogenases. Therefore, this group is not represented in the hypD library. All the other major groups (actinobacteria, cyanobacteria, Burkholderiales, and Rhizobiales) are well represented in the hypD sequences. Importantly, we were also able to amplify sequences from bacterial groups usually present at low levels or even absent in freshwater 16S libraries (32) and the 16S library generated in this study. These groups include acidobacteria, Chloroflexi, Legionellales, and even a single Methanobacteriales sequence.
A rarefaction analysis is shown for the 16S and the hypD libraries in Fig. 2 . It is obvious that the 16S libraries are too small to reach saturation. However, the number of hypD sequences shows a good coverage of this library.
Cooccurring [NiFe]-hydrogenases. Although some examples of LGT are known for [NiFe]-hydrogenase genes (33) (34) (35) , such events seem to be rare and did not significantly influence the set of hydrogenases occurring in the different prokaryotic orders. In other words, the occurrence of a set of specific hydrogenases is specific for a specific bacterial order.
Consequently, we searched the completely sequenced genomes from bacteria isolated from aerobic habitats of the same orders for their [NiFe]-hydrogenases ( Fig. 3 ; see also Table S1 in the supplemental material). As expected, oxygen-tolerant uptake hydrogenases of group 1 and group 5 (36, 37) cooccur with the respective hypD sequences in the majority (40%) of all genomes (23% with group 1 and 21% with group 5) and are widespread among the bacterial orders found in the lakes. In 40% of these genomes, an H 2 -sensing hydrogenase that presumably regulates these [NiFe]-hydrogenase genes also occurs. In 10% of all genomes, we also found hoxV/hupK encoding maturation proteins essential for the formation of oxygen-tolerant group 1 hydrogenases (38) .
Apart from the cyanobacterial genomes, the group 3d bidirectional NAD(P)-linked hydrogenases are also frequent in other bacterial orders, making up about 14% of noncyanobacterial genomes. Surprisingly, the group 3b bifunctional (NADP) hydrogenases are also part of 14% of the genomes and 100% of the Legionellales that are found in both lakes. 
DISCUSSION
In this study, we were able to design primers for the specific amplification of hypD sequences from isolated prokaryotic strains as well as environmental samples. An analysis of the coupling of hypD genes with [NiFe]-hydrogenase genes revealed that the two are tightly coupled also on the level of the genomes. This is expected due to the essential role of HypD in the maturation process of the hydrogenase enzyme (10) .
A search for possible LGT events showed a very low proportion of events. Moreover, no incidence could be detected that would prevent the proper assignment of hypD sequences to a specific prokaryotic order. Since the different orders are characterized by a set of specific [NiFe]-hydrogenase groups, hypD turned out to be an excellent proxy for the presence of the respective groups.
In our hypD library, cyanobacteria, Burkholderiales, acidobacteria, and actinobacteria make up the majority of sequences. Due to the differential amplification of different sequences in the PCR, quantification of the proportions of these different groups in the microbial communities of the lakes is impossible. However, this analysis shows that the genes of a number of different [NiFe]-hydrogenase groups are present in freshwater environments. As we sampled well-oxygenated surface waters, we did not detect prokaryotic orders harboring [NiFe]-hydrogenases typical for methanogens such as groups 3a and 3c (F 420 -reducing and methyl viologen [MV]-reducing [NiFe]-hydrogenases, respectively) ( Fig.  3 ; see also the supplemental material). There is only a single hypD sequence in the whole data set from a Methanobacteriales member. We consider this sequence to be caused by the inadvertent upwelling of sediment in the shallow near-shore sampling station of the Westensee. Group 4 membrane-bound H 2 -evolving hydrogenases are also not found in the bacterial orders represented in the hypD library with one exception. A screening of the 197 genomes of the bacterial orders occurring in the hypD library yielded only a single genome with a group 4 [NiFe]-hydrogenase. This is suggested by the role of these hydrogenases in methanogenesis and fermentative energy-conserving pathways (39) and corroborates that their occurrence is confined to oxygen-poor environments as found, for example, in earthworm guts (40) .
The majority of noncyanobacterial genomes detected harbor oxygen-tolerant hydrogenases of group 1 and the newly defined group 5. Both could enable the respective bacteria to participate in hydrogen oxidation and could open access to an additional energy source. Therefore, hydrogen consumption in surface waters as measured in a number of studies of freshwater lakes (18, 19) probably originates from these two groups of [NiFe]-hydrogenases expressed in Burkholderiales, acidobacteria, and actinobacteria.
Another important finding is that several of the bacterial orders found contain the genes of the so-called bifunctional (NADP) hydrogenases (group 3b). In particular, the currently completely sequenced strains of the Legionellales all contain the respective structural genes. The metabolic role of this group is not yet clear, but biochemical as well as mutational studies suggest that it reduces NADP using H 2 for the biosynthesis of cell material (41) . It remains to be shown if these enzymes might be capable of hydrogen oxidation under the conditions found in surface waters.
hypD sequences of cyanobacterial origin were abundant in hydrogenases was adapted from the work of Vignais and Billoud (8) . The group 1 and 5 hydrogenases are membrane-bound hydrogen uptake hydrogenases known to be oxygen tolerant. Hydrogenases of group 4 are the membrane-bound H 2 -evolving hydrogenases known to be expressed only under anaerobic conditions. Group 2a hydrogenases are the cyanobacterial uptake hydrogenases, and group 2b hydrogenases are the H 2 -sensing hydrogenases that are part of a signal transduction pathway regulating the expression of hydrogenase genes.
[NiFe]-hydrogenases of group 3 are multimeric cytoplasmic hydrogenases. Hydrogenases of groups 3a and 3c occur only in methanogens and are absent in the analyzed set of genomes. Those of group 3b are thought to be involved in NADP reduction for biosynthetic purposes (41) . All the genomes of the Legionellales harbor this group. The group 3d hydrogenases are widespread in cyanobacteria but also occur in other bacterial orders. The 3d hydrogenases in the Burkholderiales are known to be oxygen tolerant (45) , whereas those in the cyanobacteria are resistant to O 2 at low concentrations (46) . hoxV and hupK encode maturation proteins essential for the formation of oxygen-tolerant group 1 hydrogenases (38 We have recently shown that the cyanobacterial bidirectional hydrogenase (group 3d) is especially important under nutrientrich but nitrate-limited conditions that specifically occur during phytoplankton blooms (43) . A hydrogenase-free mutant could not survive under these conditions, whereas the wild-type cells did. This is also in line with the presence of group 3d hydrogenases in coastal (nutrient-rich environments) and their absence in nutrient-poor open ocean regions (9) . Previous studies on hydrogen concentrations in freshwater lakes found the highest concentrations near the surface that coincided with the maximum of primary production and that of the chlorophyll maximum (18, 19) . Daily maxima were found especially at dawn (18) . Taken together, these results indicate that the cyanobacterial bidirectional hydrogenase might fulfill an essential role in fermentation leading to hydrogen production under eutrophic conditions when oxygen is depleted in parts of the water column due to heavy plankton growth.
In this study, we attempted to get a complete overview of the [NiFe]-hydrogenase genes in a specific environment. In a study using a hydrogenase-specific microarray (23) , it was possible to detect [NiFe]-hydrogenase genes in a microbial mat, but obviously this technique is limited to those genes available in the databases.
The results presented here show that the amplification of hypD can be used to detect the presence of [NiFe]-hydrogenases in newly isolated prokaryotes as well as uncultivable strains. It can also be used to characterize the [NiFe]-hydrogenase genes present in environmental samples. Although the rarefaction analysis of the hypD sequences (Fig. 2) suggests a good coverage of the species diversity in the sample, the primers used might have a bias toward specific prokaryotic groups. Thus, the species detected might represent only part of the microorganisms able to express a [NiFe]-hydrogenase.
Soils are known as hydrogen sinks due to the activity of microorganisms (1). Our analysis indicates that [NiFe]-hydrogenases occur in many bacterial orders in freshwater lakes. This shows also that limnic systems have the genetic inventory to support hydrogen turnover, which might thus play an important role in their microbial communities.
